We present a comparative study of the AIM, CHELPG, GAPT, MK, Mulliken, NPA, and RESP charge distributions associated with a positively charged soliton on increasingly large trans-polyacetylene chains, at HF, MP2, and DFT levels of theory. The charge storage in the soliton-bearing systems is explored in detail, including charge magnitude, charge separation, charge alternation, and chain length effects. The grouping of the charge distributions at a given level of theory, as well as the sensitivity of a given charge distribution to the inclusion of electron correlation in its computation, are investigated using similarity analysis. Several of the charge definitions have been applied for the first time for charged soliton-bearing systems, and there are substantial differences between the charge distributions for the charged and neutral systems. Thus, AIM charges are no longer one of the largest charge values, the AIM charges can be in counterphase with other definitions, and the GAPT charges for neutral systems are quite different from the GAPT charges for charged systems, e.g., the magnitudes of the GAPT charges are anomalously large and increase with the size of the charged system.
Introduction
C onducting polymers constitute a challenging field in which applications in photonic devices and plastic electronics border on questions of fundamental interest. For instance, as pointed out by Heeger in his Nobel lecture [1] , the nature of the elementary excitations, mobile charge carriers, or bound neutral excitons remains controversial. The elucidation of this question is important for the understanding of the physics of conducting polymers, as well as for optimizing applications based on these materials. It is closely related to the extent of the charged defects which, for degenerate ground-state systems, are called charged solitons and which, at least at low doping levels, are responsible for the enhancement of the electrical conductivity of polyacetylene by 10 -15 orders of magnitude [2, 3] . Polyacetylene indeed presents two phases of identical energy but distinguishable by the orientations of their single and double CC bonds. Charging, for instance by chemical doping, of polyacetylene chains leads to structural relaxation and charge localization through electronphonon coupling. The charged defects, which are delocalized over several CH units, delimit polyacetylene segments of different phases. Heeger [1] recalls that the experimental evidence indicates that the geometric relaxation and the associated spin and charge distributions extend over approximately seven carbon atoms.
Since the Hü ckel investigation of a neutral soliton defect in polyacetylene by Pople and Walmsley [4] , during the past decades, quantum chemistry has addressed many questions concerning defects in conducting polymers and, in particular, in polyacetylene [5] [6] [7] [8] [9] . Among these, recent contributions have dealt with the dynamics of the positively charged solitonic defect, the linear and nonlinear optical properties, as well as the effects of chain length, counterion, and crystal packing on the latter [10 -17] . These studies have discussed the relationship between the electronic charge added to or removed from the conjugated chain and the variation of the second hyperpolarizability. The description of the charge defects using various correlated methods has also motivated new investigations [18 -20] .
In the present work, we pursue our study along these lines by addressing the charge density associated to a positively charged soliton in large polyacetylene chains. The investigation is carried out by considering charge distributions obtained using different charge definitions at different levels of approximation: Hartree-Fock (HF), second-order Møller-Plesset (MP2), and density functional theory (DFT), using a conventional exchange-correlation functional. To our knowledge, related investigations have so far been limited to (i) short chains when accounting for electron correlation effects [21] and/or, to (ii) the Mulliken population analysis scheme [10, 13, 20, 22] . This study tackles the charge distributions of rather large chains (up to 41 carbon atoms) using correlated schemes. It employs definitions of atomic charges that are derived from four different types of schemes. The first type of definitions is based on real-space partitioning such as in the quantum theory of atoms in molecules (AIM) due to Bader [23] . The second is derived from Hilbert space partitioning where the charge is assigned to basis functions such as Mulliken [24] and natural population analysis (NPA) [25] . Fitting properties and, in particular, the electrostatic potential is another means for defining charges. The corresponding charges have been defined according to the Merz-Kollman (MK) scheme [26] , the restrained electrostatic potential (RESP) method [27] , and the charges from electrostatic potential using a grid (CHELPG) method [28] . The last definition employed originates from the generalized atomic polar tensors (GAPT) [29] . Similarity analysis [30] is used quantitatively to compare the obtained charge distributions.
This work is organized as follows. Section 2 summarizes the methodological and computational aspects associated with the different charge definitions. Section 3 presents and discusses the results in a systematic way, starting with the pristine chains and then pointing out the modifications brought about by charging. Conclusions are drawn in Section 4.
Methodological and Computational Aspects
Four singly positively charged trans-polyacetylene oligomers are studied: C 13 43 ϩ , and for comparison, the charge distributions in two neutral (pristine, undoped) polyacetylene oligomers, C 14 H 16 and C 26 H 28 , are also presented (Fig. 1) . Following the recent study of two of us [20] , the atomic charges have been computed at three levels of approximation, HF, MP2, and DFT using the hybrid B3LYP exchange-correlation func-tional. The ground state geometries of these different compounds have been fully optimized with a tight convergence threshold at the different levels of approximation and the charges are determined at the corresponding levels of approximation.
Comprehensive reviews of various charge definitions, including the ones used to generate the charge distributions studied here (AIM, CHELPG, GAPT, MK, Mulliken, NPA and RESP), can be found in Refs. [31] [32] [33] [34] [35] . The GAUSSIAN 98 suite of programs [36] was used to compute directly the AIM, CHELPG, MK, Mulliken, and NPA charge distributions, and in conjunction with the RESP program [27] , the RESP charge distributions were obtained. The GAPT charge distributions were calculated via analytical and numerical derivative procedures implemented in Gaussian 98 and the PC GAMESS version [37] of the GAMESS (US) [38] program, respectively. The numerical derivatives of the dipole moment were obtained using the procedure implemented in PC GAMESS based on seven calculations of the energy and its gradients. For achieving convergence of the dipole moment derivatives, electric field amplitudes of 0.0001 a.u. were used, and the overall precision of the calculations was increased (A. A. Granovsky, personal communication, 2002). The 6-31G(d) basis set was used throughout, except for the MP2 GAPT charges of the largest compound C 41 H 43 ϩ , where the 6-31G basis set was used.
To obtain further details, C and H charges are a priori treated separately. However, when H charges display little, if any, alternation, it is sufficient to consider only the C charges or the CH charges. Indeed, in the literature, the CH units are often considered as the basic structural units of polyacetylene chains. The charge on a CH unit is equal to the sum of the charges of the C atom and the H atom(s) attached to it. When site charges are depicted, one should bear in mind that on the chain end C atoms, there are two H atoms, whose charges are summed into the site charge.
The soliton width, 2L, can be determined from analyzing different descriptors of the soliton defect such as the bond length alternation and the excess charge. In the latter case, it is obtained by a leastsquares fit using the formula
where n is the CH site label and C is the position of the soliton center. q n and q 0 are the charges of the nth and 0th sites, respectively [6] .
For each studied polyacetylene chain, the grouping of charge distributions (AIM, CHELPG, GAPT, MK, Mulliken, NPA, RESP) at a given level of theory (HF, MP2, DFT), as well as the sensitivity of a given charge distribution to the inclusion of electron correlation in its computation, are investigated using similarity analysis. Thus, the objects of comparison are the charge distributions characterized (appropriately) by the charges of all atoms of the molecule [30] . Following Rodriguez et al. [39] , the similarity coefficient used is the Spearman R rank correlation (actually the distance d ϭ 1 Ϫ R). This coefficient is the non-parametric version of the regular Pearson product-moment correlation coefficient (Pearson r), being computed from ranks [40] , rather than from the original charge values. In this way, the amplitudes of the charges are not explicitly taken into account, but rather their synchronic behavior is analyzed. The use of Spearman R obviates the need for normalization because it is scale invariant and does not require normal distribution of data. It ranges from ϩ1 (perfect positive correlation), through 0 (no correlation), to Ϫ1 (perfect negative correlation). Thus, a value of d greater than 1 indicates negative correlation. The weighted pair-group average linkage rule [40] is used to yield the linkage distance d l in the joining cluster analysis, as implemented in the Statistica for Windows program [41] . In this rule, the distance between two clusters is calculated as the average distance between all pairs of objects in the two different clusters, with the number of objects used as a weight [40] .
Results and Discussion

NEUTRAL SYSTEMS
The charge distribution in the C 14 H 16 and C 26 H 28 compounds is investigated by considering the sums of the C and of the H charges (Table I) , the C and H charges at the center of the chains (Table II) , and the distribution of the C charges along the chain (Fig.  2 ). We first consider the sums of the charges on the H and C atoms. As expected, the hydrogen atoms are positively charged and the carbon atoms negatively charged. The GAPT sums on the carbon and hydrogen atoms are one order of magnitude smaller than for the other methodologies, i.e., the H vs. C charge separation is the smallest. The total charges on a given set of atoms exhibit large variations as a function of the charge definition and the AIM charge separation increases substantially when electron correlation is included. MK and RESP charges at the central units (Table  II) are almost identical (for C 14 H 16 , 0.14 -0.16 at HF and MP2 levels, 0.13 at the DFT level) and depend weakly on the method of calculation. CHELPG charges are smaller (0.10 -0.13) than the latter. In contrast, Mulliken charges are larger at HF (0.19) and MP2 (0.16) levels, while similar using DFT with the B3LYP exchange-correlation functional (0.12). The largest charges are obtained using the NPA scheme (0.21-0.22), whereas the AIM charges are very small (0.01-0.05). The GAPT charges are even smaller than the AIM charges.
With the exception of small wiggles at the chain extremities, the H charge distributions are very constant for any level of evaluation (figure not shown); i.e., the charges on the CH units can readily be obtained by adding a constant to the C charges of Figure 2 . Although the charge distributions in the chain center tend to be constant and the CH charges tend to zero, as is expected from the regular structure of the polyacetylene chains, the distributions present increasingly large oscillations when moving towards the chain extremities. This is the case of the GAPT and CHELPG charges and, to a lesser extent, of the MK and RESP charges. So, in the case of GAPT charges evaluated at HF and DFT levels, the C charges alternate between positive and negative values and, for some CH sites, the polarity of the CH bonds is reversed.
These oscillations are magnified at the DFT level. They can be associated to delocalization effects, which are overestimated at the DFT level of approximation [42] . Upon increasing the chain length, i.e., by going from C 14 H 16 to C 26 H 28 , the constant charge region lengthens and the charges of the central CH units vary by Ͻ0.01.
CHARGED SYSTEMS
Doping a system with a positive charge perturbs the uniform charge distribution along the chain. This can be observed for all charge definitions, but to a different extent, and also depends on the theoretical level of investigation.
To assess where the excess positive charge is stored the sums of charges on the C and on the H atoms are first considered (Table I) . In most cases, the H atoms bear a positive charge while the C atoms are negative. In addition, for the CHELPG, MK, RESP, Mulliken, and NPA schemes, ͉q C ͉ ϭ ͉q H ͉ Ϫ 1, showing that the negative charge on the C atom is reduced by one unity with respect to the positive charge of the H atom. For AIM, although the equality is not exactly satisfied at HF level, a similar distribution is found. GAPT is the only definition which gives systematically that the positive charge is spread over both the carbon and hydrogen atoms with the latter being more positive. Changing the size of the polyacetylene chain does not modify the above analysis.
Then, the grouping of charge distributions based on all (C and H) atomic charges is considered. Using similarity analysis, the distributions yielded by the different charge definitions are compared for the C 25 H 27 ϩ molecule (Fig. 3) . At the HF/6-31G(d) level of approximation, the three ESP-derived charge distributions (CHELPG, MK and RESP) join to form a cluster at a linkage distance d l of just 0.02, to which a second cluster of Hilbert space partitioning charge distributions (Mulliken and NPA) is joined at d l ϭ 0.12, then a singleton cluster of realspace partitioning (AIM) at d l ϭ 0.57, and finally a singleton representing response properties-the GAPT charge distribution-joins at d l ϭ 0.95. The inclusion of electron correlation modifies the tree diagrams from the cluster analysis of the charge distributions (Fig. 3) . The most important change is associated with the AIM charge distribution, which forms at MP2 (DFT) level a cluster with the NPA (Mulliken) charge distribution at d l ϭ 0.12 (0.11). These clusters then connect directly or not to the ESP-based clusters. In contrast, the three ESP-derived charge distributions still join to form a cluster at a small linkage distance (d l ϭ 0.03) and the singleton of the GAPT charge distribution joins at a large value of d l (0.86-0.87).
The distances d between the charge distributions for the C 25 H 27 ϩ chain at the three levels of theory are presented in Table III . At the HF level, if one excludes GAPT and AIM charges, the distances between the rest of the charge distributions are Ͻ0.2. The GAPT charge distribution differs from all others considerably (largest distances d). The AIM charges actually run counter-phase to the GAPT charges, with d ϭ 1.30 (negative correlation, see also the following paragraphs). Thus, it appears that the conclusion of Meister and Schwarz that "there is just one common factor in all charge scales, which accounts for 90 -93% of the whole variance in the data set" [43] may not hold true for charged systems such as doped polyacetylene chains. At the correlated levels of treatment, the GAPT charges remain the most different, presenting at the MP2 level a negative correlation with the Mulliken charges. The other distances are still smaller than 0.3 with the next largest difference between the NPA and Mulliken distributions (DFT, d ϭ 0.26) and between the NPA and CHELPG distributions (MP2, d ϭ 0.22).
We now consider the charge distributions along the CH units as sites in the polymer backbone, on the example of the largest chain studied C 41 H 43 ϩ (Fig. 4) . At HF level of approximation, the GAPT CH charges are more than one order of magnitude larger than the ESP-derived, Mulliken, and NPA charges, whereas the AIM charges are much smaller, and their distributions run counterphase to the other distributions. The large magnitude of the GAPT charges can be related to its two components, static and dynamic-also referred to as local and nonlocal-contributions, with the latter being large for charged conjugated one-dimensional systems. Indeed, due to electron conjugation, displacing carbon atoms along the chain direction induces substantial charge fluxes along the chain backbone and therefore substantial dipole moment variations [44] .
For all charge definitions, including Mulliken [10, 13, 20, 23] , at HF level of theory the excess charge is distributed to form a damped charge density wave (CDW), i.e., it is maximum at the center of the chain and decreases toward the chain ends. In particular, the excess charge is delocalized on every other CH unit separated by CH units with smaller negative charge excess. Using the sech 2 fitting function on the C 41 H 43 ϩ data, a soliton width of 19 -20 CH units is calculated for AIM, CHELPG, Mulliken, MK, and NPA. RESP gives 22 CH units, whereas the GAPT-derived soliton is narrower and spans 16 CH units. Including electron correlation at DFT level leads to a more delocalized distribution of the excess charge and the CDW is weakly damped when going toward the chain extremities (except for the GAPT charges). The same behavior is found with the MP2 treatment. Moreover, at the latter level, for the CHELPG, MK, Mulliken, and RESP definitions, the oscillations of the CH charges run counterphase to the others, attributing the largest positive charge to the CH units adjacent to the center site.
For the H atoms (Fig. 5) , the charge distributions resemble those of the neutral systems but with some differences. Indeed, though the H charge amplitudes are very close to the case of the neutral chains, the charge distributions present oscillations for some combinations of charge definitions and method of calculations. The amplitude of these oscillations can attain 0.08 at the HF level of approximation and are strongly reduced at DFT and MP2 levels, except for the GAPT charges. In the chain center, GAPT H charges evaluated at MP2 level of approximation range between Ϫ0.10 and 0.14. However, these variations and oscillations of the H charges are smaller than for the C atoms, which undergo most of the charging effects. All C atom charge distributions for the longest polyacetylene chain (Fig. 6) at HF level present the usual damped CDW form, which screens the effects of the central positive charge. The GAPT and AIM CDW have the largest and the smallest amplitudes, respectively and they are symmetrically localized with respect to the q ϭ 0 axis. The other CDW are more off-center with respect to q ϭ 0, such that the negative charge amplitudes are larger than the positive charge amplitudes. The small magnitude of the AIM charges contradicts the assertions that they are "much greater than those obtained from Hilbert space partitioning" [32] and "remarkably big" [43] . As already discussed, the large GAPT values and oscillations are attributed to the strong electronphonon coupling [6, 45] in charged polyacetylene chains, which is relayed along the chain by the strong electron delocalization. It is also consistent with the appearance of new intense IR-active vibrational modes when doping polyacetylene [46] and to their large vibrational polarizabilities [10] . Indeed, in the harmonic approximation, the dipole moment derivatives with respect to vibrational normal coordinates enter directly into the expressions of the IR intensities and of the vibrational polarizabilities.
As already pointed out in Ref. [20] for the Mulliken charges, the amplitude and alternation of the HF charges are the largest at the centre of the chain, whereas the DFT and MP2 charges spread out more regularly over the chain (Fig. 6 ). Furthermore, with the exception of the GAPT charges, the HF charges are much larger than the corresponding DFT and MP2 charges (see also Table II ). The CDW amplitude and damping are reduced at the DFT level and, using the MP2 method, leads to CDW of even smaller intensity. This is in agreement with the well-known fact that taking electron correlation into account reduces the ionicity of bonds, especially in molecules that contain multiple bonds [32] , and decreases the bond length alternation [20, 47] .
The sensitivity of a given charge distribution to the inclusion of electron correlation in its computation, is estimated by the distance (d) between the charge distributions obtained at uncorrelated and correlated levels of theory: HF/MP2 and HF/DFT (Fig. 7) . The average (arithmetic means) distances for the four charged systems studied are presented, as well as for the two neutral systems, for comparison. The effect of electron correlation on the ESPbased charges is rather limited for both types of systems, whereas the AIM charge distributions of the charged systems are strongly modified when adopting the DFT and MP2 schemes When increasing the system size, the charge has the possibility to spread over a larger domain. The total charge remains constant and fixed to ϩ1 and therefore, larger excess charge delocalization is associated either with reduced amplitudes or larger oscillations. For GAPT charges, the oscillations increase substantially with chain length (Table II) . This fact is consistent with the large dynamical component of the GAPT charges as well as with an increase of charge mobility in doped trans-polyacetylene [44] . Since calculating the GAPT charges at MP2/6-31G(d) level for the C 41 H 43 ϩ molecule was beyond our computational resources, analogous calculations were performed with the 6-31G basis set. For the GAPT charge of the central CH unit, the values obtained using the 6-31G and 6-31G(d) basis sets (using MP2/6-31G(d) optimized geometries) are 1.901 and 1.786 for C 13 Chain end effects on the charge distribution are inevitable and are observed in all cases. For GAPT charges, the chain end sites present smaller values resulting from the lesser electron delocalization while for the other schemes, the charge patterns display an abrupt change from the inner chain behavior, as a result of the accommodation of a second H atom.
The charge distributions have been further characterized by considering the alternation of the charge along the carbon backbone estimated by a charge alternation index (ChAI):
where the sum accumulates the absolute differences of the charges of neighboring C atoms and its normalized value (N is the number of atoms) should tend to a converged value when chain length increases and the relative weight (contribution) of the defect decreases. The chain length dependencies of the ChAIs are displayed in Figure 8 for the different charge distributions and levels of calculation. Similar results are obtained when considering the ChAIs for neighboring CH sites. As expected, the GAPT ChAIs are quite different: they are one order of magnitude larger than those obtained within other charge definitions and increase with the size of the chain. Their increase with chain length is consistent with the very slow saturation of the vibrational polarizability of the studied charged systems [10] . The rest of the charge distributions provide the expected convergence with chain length elongation. The correlated ChAIs are smaller than the HF ones, reflecting the smaller degree of bond length alternation and larger delocalization effects of the optimized structures. With the exception of GAPT and AIM, the DFT ChAI values, in contrast, are larger than the MP2 values.
Conclusions
The AIM, CHELPG, GAPT, MK, Mulliken, NPA, and RESP charge distributions of polyacetylene chains bearing a positively charged soliton defect have been calculated by adopting the HF, MP2, and DFT levels of theory. The charge storage in the soliton-bearing systems has been explored in detail, including charge magnitude, charge separation, charge alternation, and chain length effects. The grouping of the charge distributions at a given level of theory, as well as the sensitivity of a given charge distribution to the inclusion of electron correlation in its computation, have been investigated using similarity analysis.
It turns out that the description of the excess charge of the soliton is closely linked to the used charge definition, each of these definitions having its own characteristics. So, GAPT charge distributions are much different from the distributions based on real-space partitioning, on Hilbert space partitioning, and from fitting the electrostatic potential. Indeed, GAPT is the only definition for which the excess positive charge is spread over both the C and H atoms with the latter being more positive. Furthermore, the GAPT charges are very large and increase with the size of the system. This difference has been attributed to the static and dynamical components of the GAPT charges. The large GAPT charges and their strong enhancement with chain length are consistent with the appearance of new intense IR bands when doping polyacetylene, while their increase with chain length with the substantial chain length dependence of the IR intensities. The other charge definitions mainly reproduce the common picture in which (i) C atoms are negatively charged, (ii) H atoms are positively charged, (iii) the excess positive charge of the soliton defect is located on the C atoms, and (iv) this excess charge creates a more or less damped CDW, which is located on the C atoms. Nevertheless, in several cases, the AIM charge distributions run in counterphase with the other definitions.
Moreover, substantial electron correlation effects were evidenced for the different charge definitions, including a decrease of the bond ionicity and a reduction of both the amplitude and the localization of the CDW. This foresees the impact that electron correlation plays on the evaluation of the nonlinear optical properties of the solitonic chains as determined by Oliveira et al. [15] as well as of other properties. 
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